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 Outdoor public space is critical to urban living, and parks serve as valuable assets 
for all citizens. As there exist extensive research and design practices of urban public 
areas, the microclimate conditions are essential to thermal comfort at the local level. 
However, the data collection at this scale is missing, and the current planning paradigm 
is inadequate to evaluate and respond to local needs for public space quickly. The the-
sis, focusing on the research gap, adopts a simulation approach to study the influence of 
spatial configuration. The study first simulated the current design of Paley Park in New 
York City, combining holistic climate simulation software and digital modeling programs. 
The validity of the simulation model is completed by comparing the field measurement 
and simulated output. Further, the study proposes the design iterations of built environ-
ment features and construct comparisons between sets of design scenarios. Based on 
both graphic and numeric results, the research proves the significant roles of vegetation 
and optimal methods to maximize the thermal effect. Besides, the research also propos-
es a model-based modification method for space design. These findings provide a new, 
predictive framework for the local scale urban design, and help offer better guidelines 
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Chapter 1: Background and Research Significance
 Rapid changes in urban climate in recent decades have raised people’s awareness 
of sustainable urban design. Caused by growing density and population in cities, such 
climate changes have raised a series of issues in different scale. For instance, in recent 
decades, New York City has been experiencing the consequences caused by changing 
climate: during summertime, the highest temperature has exceeded 90 F, and the num-
ber is projected to keep rising(NYC Mayor’s Office, 2019). Such increasing temperature 
resulted in heat stress in the outdoor environment and even led to mortality. Numerous 
studies(Chen, 2014; Toh, J et al. 2010) have been conducted to investigate the phenom-
enon and possible interventions from various perspectives. Engineers and researchers 
have performed bioclimatic analysis(Franger, 1988; de Dear, 1999, Blazejczyk, et al 2012;
Jendritzky et al. 2012; Fiala et al. 2012; Chen & Ng, 2012) for a long time, based on 
both the computer-simulation model and field observation. Still, the results have been 
rarely discussed in the term of public space design and design interventions. More and 
more planners and designers started to adopt similar methods to facilitate design de-
cision-making, and the growing scales of cities also point to new demands for environ-
ment-responsive approaches linking for linking the technology with physical space.
 However, there exist two primary problems regarding technologies and imple-
mentations. First of all, data and analysis on bioclimatic comfort at the mesoscale space 
have been missing. On the one hand, the bioclimatic analysis technology has been 
applied to evaluate interior space and architecture performance(examples), using both 
simulation and sensor data collected. On the other hand, as both local meteorology 
agencies and satellites collect weather information, the data is either measured at a 
designated location or mapped to at city-level(Yang et al. 2017; Grover & Singh, 2015), 
losing the granularity of local climate patterns. The recognition of the mesoscale thermal 
condition is missing: where microclimate is heavily influenced by arrangement of spatial 
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elements, such as furnishings, vegetation, and pavements. Furthermore, although public 
outdoor space serves as essential role in enhancing public health, many of them exist 
as initial spaces between architecture. The space is even more complicated than interior 
space to study due to its dynamic interaction with the surrounding environment(Chen, L 
et al. 2013).
 Secondly, traditional design and city planning framework have been inade-
quate to quickly respond to or intervene in the issues of thermal comfort in the city. 
One reason is that there is no established standard to measure thermal comfort at 
the mesoscale, indicating the space in between architecture and urban environment. 
An example could be street gardens or abandoned lots. Another reason is that, as the 
thermal condition in urban public space is sensitive to the surrounding area, the local 
regulations often fail to recognize the nuances between various sites, resulting in the 
design strategies being too general. Recognizng that such space are subtle yet critical 
to imrpove livability for local residents, a new approach to urban design is called for to 
intervene with urban issues with lighter and quicker solutions. Through a closer revisit 
to the fundamental elements around us: the pavements, the benches, and the build-
ings, some tactical approach leads to simple yet powerful intervention. Extending from 
the notion of the ‘tactical urbanism‘, a invention of short-term and adaptable tools for 
incremental change should be considered. Luckily, although there exists scarce amout 
of climate data at the mesoscale, some low-cost sensing electronics have made it easier 
for planners and designers to craft tools to understand the built environment at more 
refined scales. Combining these tools with the burgeoning development in computa-
tional design even enable designers to iterate and develop strategies more quickly than 
ever. Lastly, the specific user groups and functions of space, which is often omitted, at 
the mesoscale should be considered for during design process.  
 With these discussions, the thesis, standing at the interface between urban plan-
ning and urban design, aiming to study how the spatial configuration of different design 
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features influence thermal comfort in the public outdoor environment, and its implica-
tion in design strategies. The following sets of questions will be answered, and the ques-
tions help frame the public health concern about thermal comfort into the enhancement 
of design strategies of open space.
1) What is the definition of ‘comfort’ in the context of urban public outdoor space?
2) Can such indicators, characteristics, or consequences be quantified, or visualized, to
inform design improvement?
3) What are the elements that shape the urban public outdoor space, and how can they 
be configured spatially?
4) Through comparing the different design scenarios, what are the possible interventions?
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Chapter 2: Literature Review
 Recognizing that outdoor spaces are critical to the urban livability and vibrance 
(Chen & Ng, 2012), the outdoor microclimate significantly influences on people’s deci-
sion to use the space or not, and how people occupy the space. To understand the fac-
tors compositing outdoor comfort, existing assessment and indices, and the state-of-art 
methodologies, the literature review focuses on the following three issues: 
 1: Definition of ‘Comfort’ and Developed Indices
 2: Existing Studies of Spatial Configuration and its Relation to Outdoor Comfort  
 3. Tactical Urban Intervention and Design Implementation
2.1: Definition of ‘Comfort’ and Developed Indices
 As ‘comfort’ is subjected to human sensation, extensive studies, both qualitative 
and quantitative, have been done to assess the comfort level. In terms of the qualitative 
approaches, Gehl(1971) studied the influence of microclimate by counting the number 
of people in shading or sunny area. His concluded that local sunny conditions greatly 
influence people’s decision to stay or not. Willliam Whyte (1980) used time-lapse pho-
tography to observe people’s usage of public space, and he also found that shading 
significantly influences usage patterns. The two studies are conducted from a behavioral 
perspective, using simple measurement and observation. On the other hand, technol-
ogies and sophisticated analysis methods have inspired more studies on comfort level 
and establishment of indicators to ‘quantify’ the comfort. Many of such indicators focus 
on the thermo-physiology perspective of comfort sensation, evaluating the human per-
ception of the environment. Stepping beyond temperature, these thermal indicators are 
usually compound of several environmental parameters, such as relative humidity, wind, 
and thermal exchange between individuals and the environment. Among these indica-
tors or indices, the focus is twofold: steady-state and dynamic state. 
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  One popular indicator for steady-state is PMV (Predicted Mean Vote Index) (Frang-
er 1982), which is quantified by PPD (Percentage Dissatisfied Index) with a composed of a 
range of numbers indicating thermal comfort as a result. The PMV is often measured on 
a scale from very cold(-3) to very hot(3). This indicator has been widely applied to assess 
comfort in an outdoor environment(M.S.Jang et al. (2005), Nikolopoulou et al. (2001), 
Kristen Fabbri (2013)). Another steady-state thermal index is PET(Physiological Equiva-
lent Temperature), which translates the complex outdoor environment into a simple in-
door scenario. It is calculated based on the human body’s thermal balance in the Celcius 
degree, which is easily comprehensible to the public. Aside from its wide application, 
limitations still exist as the index is based on individual information and subjective feel-
ing. Other steady-state indices include the ITS (Index of Thermal Stress), OUT-SET, etc. 
These have been effective tools to assess human thermal response to the local climate. 
 However, the indicators above do not consider thermal adaption to the environ-
ment. The adaption ability varies based on the individual’s weight, height, age, clothing, 
and activity types, which raises the need for a method to evaluate dynamic aspects in 
thermal comfort. In recent decades, a newly developed index, UTCI (Universal Thermal 
Climate Index), has been extensively discussed. Blazejczyk, K. et al. (2012) found that 
the UTCI has a high level of sensitivity to climate conditions as human bodies. A small 
fluctuation in variables (temperature, solar radiation, wind, and humidity) results in a 
significant impact on the index. On the other hand, non-steady-state assessment meth-
ods take dynamic thermal exchange between individuals and the environment, (Gagge, 
Fobelets, Berglund, 1986) study human body as two thermal parts with respective ther-
mal regulations. Yet, these methods require monitoring, which goes beyond the research 
context of the outdoor environments of this thesis.
 Table 1 provides a summary of the discussion above. The review of the listed indi-
ces identifies critical factors that determine each thermal index, implications, and, more 
importantly, under what circumstance should it be applied. To conclude, the UTCI, com-
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pared with other traditional thermal indices, is more pertinent to the scope of this piece 
of research, as the number is sensitive to change in environmental settings, such as the 
spatial arrangement of built environment features, the heat emitted by surrounding 
façade, and the cooling effect by alternating vegetation layout. The detailed application 
and interpretation of the UTCI will be further discussed in the following chapters.
2.2: Existing Studies of Spatial Configuration and its Relation to Outdoor Comfort 
 The focus of the second part of the literature review is twofold. First, a review of 
existing studies on the relationship between spatial configuration and thermal comfort 
at various scales is presented. Second, the section discusses and compares popular tools 
and methods to conduct such studies. Subsequently, the literature review pinpoints a 
need for studies to 1) link microclimate and thermal comfort at the mesoscale, which is 
the scale in between urban and architecture, and 2) quickly iterate context information 
and assess thermal comfort in an urban setting using simulation as a predictive tool. 
 One focus of current studies on the outdoor thermal environment is the large-
scale land-cover pattern in the urban area and its effect on urban heat island (UHI). Xie 
M. et al. (2013) ‘s work investigates the relationship between the UHI and land-cover 
patterns, in which the UHI is characterized by the land surface temperature (LST). It stud-
ies the interactions between vegetation, impervious surface area, and landscape met-
rics. Both the biophysical features and land-covers features are discussed here. Findings 
are that, first, decreasing impervious coverage area effectively mitigates the urban heat 
island effect, and secondly, vegetation that is distributed in different patterns results in 
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Table 1: Source and Summary for Existing Studies on Thermal Index
Dynamic StateSteady-State
Universal Thermal
Climate Index (UTCI) ( C)
(Blazejczyk, et al 2012;
Jendritzky et al. 2012;
Fiala et al. 2012)
Standard Effective Temperature Outdoors 
(OUT-SET) ( C)
(Fanger, 1988; de Dear, 1999)
Predicted Mean Vote (PMV) / 
Percentage of Dissastisfied (PPD) (-3 to 3)
(Franger 1982)
a distinct change in land surface temperature. Thus, the threshold of vegetation area 
should be set, and the distribution pattern should be considered as well. Another study 
by Yang et al. (2017), concludes that the spatiotemporal changes in thermal environ-
ments are consistent with the procession of urbanization. Meanwhile, the study confirms 
that the conversion from vegetated land to urban regions intensifies the UHI effect. Sim-
ilar studies (Mariani et al., 2016, Farina, n.d., Grover & Singh, 2015) prove the significance 
of vegetation in thermal relief at a macro scale. 
 Meanwhile, many studies focus on changing urban morphology’s influence on 
the thermal environment in urban context. In these studies, urban morphology refers 
explicitly to the physical characteristics of urban forms or spatial patterns, such as street 
orientation, architecture bulkiness, urban canyon condition, and vegetation layout, etc.
(Chen, 2014). Sodoudi, S. et al(2018) studies systematically investigate the correlation 
between the spatial configuration and the cooling effect of green areas using the sim-
ulation model. Twenty-five iterations with different spatial configurations (shape, size, 
vegetation type) went through the simulation program, and the thermal comfort of 
each scenario is evaluated employing Physiologically Equivalent Temperature (PET). The 
author found that a combination of grass patches and trees maximize the cooling effect. 
Moreover, the study also suggests set-up thresholds for the width and length of the 
grass patches. Through quantification of the landscape feature based on its shape, size, 
and type, statistical correlation offers feasible and robust design strategies in planning 
practice. As the study combines the climate conditions in a real site and simulated mod-
els, the validation of the results is critical. The two studies above simulate and compare 
the thermal conditions based on a single element, while researches on urban morpholo-
gy and thermal comfort have combined multiple factors. 
 In another study (Chen, L., & Ng, E. (2013)), a highly-urbanized site in Hong Kong 
was selected to study how the urban block iteration impacts the urban microclimate, 
especially the cooling effect. By iterating both building geometry (height, openness, 
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orientation) and street trees configuration, it finds that both trees and tall buildings 
mitigate the thermal stress at the pedestrian level, as they provide substantial shading 
area. However, tall buildings may cause wind that decreases comfort. Aside from formal 
operation, T.F.Zhaoa et al. (2017) ‘s research investigates urban design’s impact on ther-
mal comfort in terms of landscape material. His study illustrates that the grey material 
with high-density hard surface area tends to have the worst thermal performance. These 
studies encompass a wide range of scales, informing a variety of iterations on built envi-
ronment features. 
 Based on the previous discussion, simulation and computational design tools are 
often employed for quick modeling and iterating purpose. A common approach is first 
to retrieve field information, build and iterate on the detailed digital models, and lastly, 
simulate based on the iterations. Multiple simulations and modeling tools are well de-
veloped to give informative results, but the level of accuracy and validity is yet to be dis-
cussed. As for accuracy, some studies (Chen, L., & Ng, E. (2013), Sodoudi, S. et al. (2018))
control the changing variables, especially for the built environment features in modeling, 
and only iterate on single or several elements. Numerous studies (Rosso et al. 2018, Oke 
et al., 2017) have recognized the importance of validating simulation data. Statistical 
measurements such as root mean square error and R-squared are often employed to 
validate the simulated data(Lao et al., 2017), mainly the air temperature, against the field 
measurement. Furthermore, thermal simulation is sensitive to change in spatial resolu-
tion, which requires parameter tuning and model adjustment specific to the research 
scope. 
2.3: Tactical Urban Intervention and Design Implementation
 The previous studies provide a holistic view of what could be achieved through 
various methodologies, yet there exists a gap between quantitative studies and real de-
sign interventions. Moreover, considering the scales and scopes of past researches, most 
of recommendations are unable to be quickly implemented in the site, and the effec-
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tiveness of future implementation is yet to be proved. Therefore, the third section of the 
literature review focuses on feasible design interventions at the mesoscale that could be 
informed through microclimate study. 
 The first aspect to discuss is the concept of’ tactical urbanism,’ which is a bour-
geoning practice in spatial planning and urban design in recent decades. With the core 
notion to enable long-term change through short-term intervention, the initiative of 
tactical urbanism is in response to the inadequate planning systems for intervention, 
and such efforts have been interpreted as an alternative and a challenge to formal 
spatial planning (Silva, 2016). Self-organization is the key to tactical intervention, which 
has a long history in planning and some of the initiatives could be dated back decades 
(Whyte, 1980) To conclude, such action often refers to an evolutionary and iterative pro-
cess requires scarce resources and much of citizen involvement. 
 Under these notions, broad practices have been carried out. On the one hand, 
some of them are more related to the nature of the bottom-up process. Such actions 
rely on mostly collective efforts from citizens when traditional planning institutions and 
designers serve only as partners, and the use of scarce resources is vital to remain the 
actions independent and unsanctioned (Lydon et al., 2011, 2012). Scalability and signif-
icance are very limited, subsequently. On the other hand, other actions focus more on 
the object and the physical space, which are more pertinent to the scope of this thesis. 
Examples could be reclamation or re-pavement of abandoned lots. With partnership 
or sanction from city planners and designers, these temporary actions serve as demos 
for permanent installation. One example is the Bayfront Parkway redesign conducted 
by Street Plans. The project transforms six parking lots into a temporary urban park in 
Downtown Miami. With the attempt to be a one-week ‘living rendering,’ the project 
was built within a day and galvanizing the process to permanent implementation of the 
park. Other projects inspired by the concept of tactical urbanism include San Francis-
co’s Pavement to Parks and Park(ing)Day. While these projects open up opportunities to 
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improve pedestrian experience beyond thermal comfort, they inspire methods to iterate 
on existing space and quantitively proves their effectiveness, such as changing the land 
cover material for visual appeals, using landscaping elements to improve comforts and 
bring a sense of nature, and allowing for free configuration of furniture in the space. 
 The literature review informs a list of methodological action for the next step. 
Multiple pieces of literature have identified simulation as en effective tool to predict 
and to investigate the microclimate conditions in the urban environment. Yet, the tools 
and steps to carry out need to be further adjusted for the scope of this study. Mean-
while, the discussion on the tactical approaches to urban design shed some light on the 
potential study site. As a lot of actions have been down to convert the empty or aban-
doned lot into community parks, a pocket-size park could be an ideal space for viable 
design iterations. Lastly, as multiple thermal indices have been discused, the UTCI is the 
ideal index to evaluate thermal comfort in the outdoor environment, which indicates 
heat or cold stress of human-based on a dynamic physiological response model. Addi-
tionally, the output of the UTCI value could be easily computed and visualized, which 
provides a straightforward observation of the design space. With these findings, the 
next chapters will focus on the methodological framework, including the study site, each 




3.1: Study Area: Paley Park 
 Based on the previous discussion, the study takes Paley Park located in midtown 
Manhattan as the study area. Multiple criteria were taken into consideration. First of all, 
as the research focuses on the human comfort level in an outdoor environment at the 
mesoscale, the selected site should be accessible to the public as well as embrace pop-
ularity in an urban setting. Secondly, as the study will be primarily based on computer 
simulation, the ideal site should have the reasonable spatial complexity that can be both 
physically measured and digitally modeled, meaning that the built environment features 
should be manageable for accurate documentation while the initial data collection could 
be conducted at one location. The first two criteria filter out some renowned yet huge 
public space such as Bryant Park and Central Park, as its spatial complexity leads to the 
trade-off between the micro-level study and the feasible computation time. Another 
consideration of the potential study area is that if the tactical, short-term intervention 
could be possibly implemented. One conclusion from the previous discussion is that, 
compared to a large public space, a pocket-size, inner-block park has a more signifi-
cant potential to initiate the short-term interventions, which may later inform long-term 
changes. With all the considerations, Paley Park’s enduringly enjoyed reputation as an 
urban oasis, the mesoscale size, and the variety of built-environment features make it an 
ideal site for urban microclimate study.
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Map Retrieved from: https://www.openstreetmap.org/#map=18/40.76057/-73.97537&layers=T
Img 3-1: Location of Paley Park
Paley Park
 Designed by renowned landscape architectural firm Zion Breen Richardson As-
sociates and open to the public since 1967(cite), Paley Park has been recognized as one 
of the most successful pocket parks in the city. With the area of nearly 4200 square feet, 
Paley Park is surrounded by walls on three sides and open to the pedestrian walk on 
one side(Img 3-2,3). The steps to the entrance of the park mark the difference between 
the pedestrian walk and the park, yet the transition is integral as the steps are very low. 
The park utilizes mostly hard materials for its pavement, such as granite and bricks. At 
the same time, it articulates the combination of urban landscape features at the verti-
cal level, including waterfalls, vertical vegetation, and trees, to add natural elements. All 
the furniture is flexible for rearrangement, which further enhances the utilization of the 
space. As an integral piece to the urban fabric, Paley Park has been a new spatial typolo-
gy stimulating the interaction between human and public space.
3.2: Methodological Framework 
 As the study intends to optimize the current design and how the combination of 
elements influences the thermal comfort index, the primary methodology is developed 
to draft comparisons of microclimate analysis between the base scenario and the simu-
late scenarios. Fig 3-2 presents an overview of the methodological framework, which is 
divided into three parts: 1) field measurement, 2) modeling and configuration in simulation 
programs, and 3) simulation and visualization.
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Img 3-2 (looking at back of the park) Img 3-3 (looking at the park entrance)
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Fig 3-1: Methodological Framework
3.2.1: Field Measurement
 The first step of the study is the in-field data collection in Paley Park. The purpose 
is to build the base scenarios for future iteration. Two categories of data were collect-
ed: the relevant microclimate information for the calculation of the thermal index, and 
the built environment features of the study area. The data collection was conducted on 
March 9, 2020. The weather condition was sunny throughout the day. The initial climate 
data, including air temperature, relative humidity, wind direction, wind speed at the 
height of 1.5m(around 5ft), barometric pressure, were recorded through a handheld an-
emometer (BT-100WM) at a fixed point inside the park. The data collection started from 
8 am until 5 pm, at an interval of 20 min. Meanwhile, to discuss the comparison between 
climate data at the micro-scale (the measured value) and the forecasted value at the city 
level(the global value), following forecasted data: temperature, relative humidity, and 
wind speed were recorded at the same time interval.
 Fig 3-2a, b plot the measured data in comparison to the city’s forecasted data. It 
can be observed that the air temperature in each set share a similar trend, as 3 pm has 
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Fig 3-2b
Fig 3-2a: Air Temperature: Field Measurement vs. City Climate Forcast Data
: Relative Humidity(%): Field Measurement vs. City Climate Forcast Data
the highest value. However, the comparison of relative humidity shows a drastic differ-
ence. In the field measurement, the value is stable throughout a day, with a maximum 
of 0.6m/s and a minimum of 0m/s. In contrast, the forecasted humidity value shows a 
fluctuant curve where the value decreases gradually in the day time. Aside from climate 
data, the built environment features were documented as well, including the width and 
depth of the park, the pavement materials, the wall materials, the elevation change, and 
the vegetation layout and species. Moreover, the occupancy of the park was recorded 
together with the climate pattern. Fig 3-2c documents the number of people in the park, 
and there is no obvious correlation between climate variables and occupancy. 
3.2.2: Modeling and Configuration in Simulation Programs
 To set up the simulation model, both the 3D model and material attributes are 
required. The detailed 3D model was generated in Rhino 6, including the built features 
in Paley Park and surrounding buildings.  Materials were assigned through a plug-in for 
the parametric design called Grasshopper, which features a material library created by 
Envi-Met for simulation purposes. The library enables precise settings such as material 
type, the age for usual materials, and it also applies thermal capacity specific to each 
element.  As the site majorly adopts granite, brick, and concrete, these basic information 
constructs the base scenario for future simulation, also known as Scenario 0. The plug-in 
also allows for setting the simulation grid, which determines the granularity of the sim-
ulated value. Considering the study scope and the computation time, a step of 1.5ft (the 
minimum value available) was adopted. As the site is situated in a highly urbanized area, 
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Fig 3-2c: Number of People in the Park
it is necessary to include context buildings for simulation since the building height may 
generate wind effects and shadows on the ground level. The two factors have proven to 
have critical influences on thermal comfort level. As a result, a simulation space is much 
larger than the park itself, with the final dimension is 218ft(L)*195ft(W)*400ft(H). Fig 3-3 
shows the boundary of the simulated spaces and critical materials assigned to the mod-
el. Lastly, the simulation time is set to be one hour from 2 pm to 3 pm on March 9, the 
hottest time during the day.
3.2.3: Simulation and Visualization
 The simulation model is taken into Envi-Met for iteration and microclimate simu-
lation. Before any simulation conducted, data validation must be conducted to confirm 
the validity of the simulated data. The air temperature is chosen for validation. As the 
software only provides simulated air temperature each hour, the field data was average 
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Fig 3-3: Simulated Space
on an hourly basis. Fig 3-4 shows the simulated value and the measured value. The re-
gression was conducted between two variable sets, and an R-squared of 0.977 confirms 
the credibility of the simulation program. 
 To study how spatial configuration influences local climate patterns, the modeled 
space needs to be further configured in Envi-Met for design iterations. As mentioned 
previously, the original model serves as the base scenario (Scenario 0), which would 
be used repeatedly to compare the thermal influence resulted from different spatial 
configurations. The study proposes three methods of iterations, leading to 8 simulated 
scenarios in total: vegetation layout, pavement selection, and a model-based configuration. 
The first method is metric based on the area ratio of vegetation surface divided by the 
total area (Scenario 1,2,3). Moreover, as further iterations of the first method, Scenario 
4a/b/c focus on the configuration of vegetated surfaces of a fixed total vegetation area. 
The second method looks at the alternative of hard pavement, here, specifically wood 
plank(Scenario 5). The last method is to modify the space in response to Scenario 0, 
which helps inform local issues such as windy corners or cold spots for in-place inter-
vention. Fig 3-5 and Table 3-1 provides an overview of all scenarios
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Table 3-1: Summary of All Simulation Scenarios
Fig 3-4: Air Temperature: Field Measurement vs. Simulation Data from Envi-Met
 There exist extensive methods to define the vegetation layout for space design. 
Parts of credentials in LEED specifies the area ratio of vegetation surface when eval-
uating outdoor space design. In this study, four thresholds of the vegetated area are 
adopted: 100%, 75%, 50%, and 25%, corresponding to 1800sqft, 1350sqft, 900sqft, and 
450sqft in terms of vegetated area. Based on the previous four scenarios, the study 
further looks into whether the configuration of layouts create different results when the 
area of the feature remains the same. Therefore, Scenario 4 is further divided into three 
iterations. Three scenarios represent the vegetation area as the central piece, stripes, 
and courtyard conditions. As for pavement selection, the wood plank is selected, which 
is often used in the design of outdoor space as it adds a sense of nature and appears to 
be warmer materials compared to granite or brick. The material is assigned to cover the 
whole surfaces of the park (1800 sqft). 
 The model-based configuration, however, is an innovative approach for design 
iteration. The approach is used after the initial simulation or site analysis, with a general 
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Fig 3-5: Summary of All Simulation Scenarios
understanding of the study space. For instance, when the initial study identifies the pro-
files with comfort index and other climate variables, this approach will help mitigate the 
negative effect by only changing parts of the space. As the strategy is given in response 
to the original model, it may help alleviate some common comfort issues such as low-
er temperatures or strong wind. As the initial analysis needs to be carried out first, the 
detailed modeling and the simulation will be discussed together with other simulated 
scenarios in the analysis chapter.  
 After setting up the iterations in Envi-Met, the last phase of the methodology is 
to visualize the simulated variables and to compute the UTCI index. The visualization re-
sult is a critical part of the discussion. First, three primary climate variables area mapped 
out: air temperature, relative humidity, and wind speed. Second, the UTCI value at each 
grid is calculated at each grid point, and the calculation will be conducted in Grasshop-
per as it provides convenient settings for an individual’s information. In this research, 
the individual is recorded as a 40-year-old male with a moderate level of clothing. The 
threshold to identify the comfort level or the heat street level from UTCI value is shown 
as below in Fig 3-6. Considering the research context, both the Celcius degree and Frei-
heit degree are annotated. 
 The UTCI calculation requires the following input:  air temperature, relative hu-
midity, wind speed (10m above ground), diffuse radiation, direct radiation, average 
surface temperature, and sun elevation angle. Among these variables, air temperature, 
relative humidity, diffuse radiation, direct radiation, average surface temperature will 
be imported as datasheets from the Envi-Met model. Nonetheless, as the wind speed 
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Fig 3-6: Heat Stress Indicated by UTCI Fig 3-7: 
Windspeed Conversion
was collected and simulated at the height of 1.5m, the conversion formula provided by 
NOAA was adopted to estimate the wind speed at 10m (Fig 3-7). The conversion also 
asks for a roughness length, which describes the context conditions. The study chose 
0.6m as the surrounding buildings are at a moderate height. Additionally, the sun eleva-
tion angle is imported from the New York City climate file. Table 3-2 presents the collect-
ed data in the field and the output variables for the UTCI calculation.
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Table 3-2: Summary of Input and Output Variables






 Wind Speed (10m)
 Diffuse Radiation
 Direct Radiation
 Average Surface Temperature
Location Information




 Wind Speed (1.5m)
 Wind Direction
Design Space in EnviMet 
 Dimension: 
 L: 218ft. W: 195ft, H: 400ft
 Grid Step: 1.5ft*1.5ft*1.5ft
UTCI 
(C / F)
Chapter 4: Analysis Results & Discussion
 The chapter focuses on three issues. First, the numerical and graphical output of 
simulated scenarios will be presented, based on sets of comparison. The comparisons 
are drawn from the previous methodological framework, in which only one variable is 
alternating. Three climate variables, air temperature(Ta), relative humidity(RH), and wind 
speed at 1.5m(WSP), and UTCI values are mapped for each scenario. While the percental 
change is adopted to compare the nuanced difference in the outcomes, both Celsius 
and Fahrenheit degrees are annotated. The second half of the chapter brings implica-
tions and applications of the above findings to urban design and planning. Lastly, the 
limitation section reflects on the scalability and future opportunities `of the research.
4.1. Numerical Simulation Results and Visualization
 Fig 4-1 shows the simulated variables for the base scenario in which the material 
and vegetation are utilized in the current design. The result informs a clear relationship 
between the urban form and the microclimate. First, the orientation of the block and 
the height of surrounding buildings have significant influences on the distribution of 
air temperature, relative humidity, and the UTCI. The distribution pattern remains the 
same for other iterations. As the depth goes in, the UTCI and temperature drop at the 
same time. Another observation is that, at the street corner, both the air temperature 
and wind speed tend to increase. The findings inform essential design concerns for the 
typology of pocket parks in a highly urbanized context.
4.1.1: Configured Vegetation Area and Layouts
 Comparisons in this group are drawn based on the area ratio of vegetation sur-
face and three vegetation layouts taking up 25% of the total area. Fig 4-2,3 shows the 
differences between 0% vs. 100% (Scenario 0 vs. 1), and 100% vs. 75% vegetation area 
(Scenario 1 vs. 2). 
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 Scenario 1 simulates the condition when all the brick pavement is replaced by 
vegetated area (25cm dense grass) while other materials remain the same. Additionally, 
the percentage change in each variable is computed and mapped. The two simulations 
give the identical value range for three variables, indicating that the pavement change 
from hard to soft surface does not generate significant change in climate variables glob-
ally, as Fig 4-1 and Fig 4-2 present almost the same contour shapes. However, when the 
22
Fig 4-1: Scenario 0
Relative Humidity (%) Air Temperature ( C/F)
UTCI ( C/F)
Wind Speed at 1.5m (m/s)
Wind Speed at 1.5m (m/s)
Min: 17.0 Max: 17.6




difference at each grid point mapped illustrates that the addition of vegetation slightly 
lowers the relative humidity to the extent of -0.15%, and increases the temperature by 
0.24%. Meanwhile, the difference is not evenly distributed across space, as the relative 
humidity and wind speed tend to increase from west-north to south-east, and the tem-
perature gradient follows the opposite direction. Yet, the value change corresponds to 
the trends showed in both Scenario 0 and 1, which again, suggests the significant influ-
ence on microclimate caused by street block orientation and context building heights. 
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Fig 4-2: Scenario 0 vs. 1 (0% vs. 100% Vegetation)
Relative Humidity(% Change) Air Temperature(% Change)
UTCI(% Change)Wind Speed at 1.5m(% Change)
-2% 2%
 In Scenario 2, 75% of the brick pavement is replaced by the vegetated surface, 
which comprises an area of 1350 sqft, which does not leave much space for spatial 
configurations. Thus it is modeled as an inner offset of the park boundary. The output is 
similar to the previous simulations. One observation from the comparison is that the de-
creasing area of the vegetated surfaces leads to the lower relative humidity in the cen-
tral area. As shown in Fig 4-3, there is a noticeable change in the relative humidity and 
temperature at the edge of the vegetated surface. Scenario 2 generates a raise in RH up 
24
Relative Humidity(% Change) Air Temperature(% Change)
UTCI(% Change)Wind Speed at 1.5m(% Change)
-2% 2%
Fig 4-3: Scenario 1 vs. 2 (100% vs. 75% Vegetation)
to 0.02% and a decrease in temperature as low as -0.12%. Therefore, the warming ef-
fect of the vegetation can be proven. Another interesting observation is that the spatial 
distribution of the relative humidity and temperature appears to be mirrored, and such a 
phenomenon can also be found in previous plots. In other words, the high temperature 
will result in low humidity. 
 The third comparison is drawn on three spatial configurations of the same 25% 
vegetation coverage, comprising 450sqft in total. The size allows for re-configuration 
while maintaining the implementation viable. The configuration of the space is shown in 
Fig4-4, and comparisons are plotted in Fig 4-5, corresponding to Scenario 4a vs. Scenario 
0, Scenario 4b vs. Scenario 0, and Scenario 4c vs. Scenario 0. In general, the distribution 
of variables follows the vegetation pattern, indicating the dominant influence of urban 
contexts. Yet, each configuration results in discrete patterns of change in the microcli-
mate variable. Scenario 4b (the strip conditions) is able to distribute the difference in a 
more evenly pattern, while Scenario 4c (the courtyard condition) presents a more drastic 
change in the variables. To better understand the effect of vegetation layout, the area 
with changing values in each scenario is computed. The calculation suggests that Sce-
nario 4b and 4c is able to influence broader area, comparing to where the vegetation is 
located in the center as one piece of open space in Scenario 4a. Thus, a scattered pat-
tern of vegetation leads to a larger area of warming effect. This finding informs a meth-
od to tune the microclimate condition at the mesoscale. 
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Scenario 4a Scenario 4b Scenario 4c
25%, Central 25%, Courtyard 25%, Strip
Fig 4-4: Illustration of 
Scenario 4a, 4b, 4c 
(Central, Strip, Courtyard)
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Wind Speed at 1.5m(% Change)
Fig 4-5: Scenario 0 vs. 4a, 4b, 4c (Central, Strip, Courtyard)
4.1.2: Alternative Pavement Surfaces 
 This set of comparison converts 100% park area into wood planks, a popular ma-
terial with high-heat insulating capacity. From Fig 4-6, it can be observed that the natu-
ral material increases the temperature up to 0.03%, and increase the UTCI by 0.1%. The 
change is distributed globally. However, the absolute improvement to heat the space, 
around 32 F, is not significant. However, wood’s thermal capacity makes is warmer than 
surrounding surfaces, which makes it an ideal option for seating spaces. 
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Relative Humidity(% Change) Air Temperature(% Change)
UTCI(% Change)Wind Speed at 1.5m(% Change)
-2% 2%
Fig 4-6: Scenario 0 vs. 5 (0% vs. 100% Wood Plank)
4.1.3: Model-Based Configuration
 The last comparison is drawn based on the base scenario and modification, and 
the result is as shown in Fig 4-7. As the base scenario identifies the southwest as windy 
and the northeast corner as cold spots, vegetation can effectively increase the comfort 
index by 1.7%, which is around 32.16 F. Wood also helps mitigate the cold spot issue, 
with less effect compared to vegetation. The modifications, however, do not generate 
much impact on wind speed.
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Relative Humidity(% Change) Air Temperature(% Change)
UTCI(% Change)Wind Speed at 1.5m(% Change)
-2% 2%
Fig 4-7: Scenario 0 vs. 6 (Model-Based Configuration)
4.2: Discussion and Design Implication 
 The simulation model illustrated that through spatially configuring the built 
environment features, and adjusting their types and layout, both the outdoor microcli-
mate and comfort index can be improved. The results show the incremental effects of 
configuring a single element. Overall, this simulation approach, combining qualitative ad 
quantitative research, has proposed promising results for predicting microclimate con-
ditions and informed implications and applications to design of outdoor public space in 
the urban context.
 When comparing all simulation maps, it can be observed that the temperature at 
the pedestrian walk is obviously higher than that of either brick pavement or vegetated 
surface, which suggests that the spatial typology of the pocket park usually enjoys cool-
er temperatures. Besides, the distributions of the variable in all scenarios follow similar 
patterns, and there constantly exists the ‘cold spot’ in the north-east of the park. The 
findings suggest that street block orientation and context building heights significantly 
influence microclimate comfort. Therefore, site research such as shadow study is neces-
sary before any site selection or design intervention. 
 Vegetation, in general, can warm the space in wintertime. With the same amount 
of vegetated surfaces (using 25cm dense grass in this study), the evenly distributed 
patches and a half-enclosed layout will generate broader changes in microclimate con-
ditions, comparing to the single-patch design. The even patches create a gradual shift in 
temperature and humidity, and the half-enclosed layout creates more obvious change 
at the inner corner. This finding informs a method to adjust designs based on the pro-
grams and needs of the space. Nonetheless, the width-to-length ratio of each patch 
should be determined specific to the site. As this study is conducted in a pocket park, 
the options to configure the size while maintaining the function and aesthetics of the 
grass patches are very limited. The scaling opportunities for the design strategy are yet 
to be discussed. If the study is to be scaled up, more iterations on the dimension ratio 
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and spatial distribution would be needed for the optimal design.
 However, it is essential to reflect on the time effectiveness of the study. In most of 
the literature review, the studies were carried out in summer, or extremely hot weather. 
Therefore, the results and recommendations are different. The current research results 
show that absolute differences between scenarios are not significant, yet the wind has 
the least significant change in the study area. However, in some previous studies (Lao 
et al., 2017), changing from concrete and brick pavement can effectively decrease the 
heat index up to 1.5 Celsius degree (34.7 F). The reason could be that during the current 
period, there are no tree canopies to moderate wind speed or airflow. Besides, some 
previous case studies (Zhao et al., 2019, Crewe et al., 2016) also suggest that the ap-
propriate location of vegetation can effectively cool the space, but the cooling benefits 
may decrease human comfort level from ‘extra hot’ to ‘very hot’ in this hot summer day. 
These case studies pose potential applications of the method in different seasons and 
raise the need to evaluate results based on the time. Yet, a common observation from 
all scenarios is that there exists a mirrored spatial relationship in terms of the distribu-
tion of relative humidity and air temperature. Such observations inform the trade-off 
between different design strategies, and an approach to accommodate various design 
requirements. 
 From the perspective of urban design, there are many other implementations 
for the design of the urban pocket park, and some of them could not be simulated, 
like aesthetics, the color palette in the design space. The study presents a limited part 
of potential intervention, with a primary focus on the benefit of adding vegetation and 
pavement selections. Also, the study has controlled the number of configurable factors, 
such as the wall, furnish, and water features. These elements could potentially be added 
to the research to understand the compound thermal effect of design features, as some 
alterations such as vertical vegetation and water have been extensively discussed. 
 However, the simulation methodology provides a straightforward understanding 
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of the space, and nuances in microclimate conditions led by a different design. As the 
data validation proves the validity of the simulation, the tool could be implemented in 
multiple stages of design. For instance, the simulation could be used to detect the windy 
area or the cold spot in the current park, and the space quality could be improved by 
replacing the pavement or add vegetation fixture. The research result shows that even 
small, local modifications to the original space can effectively improve thermal com-
fort level. Thus, the tool could also be utilized to predict the incremental change effect 
brought by small interventions. Another application of the finding is to consider then 
the group of users in the space. Certain functions may benefit from the research result, 
such as designing an outdoor seating space open all year. It should be noticed that dif-
ferent function prioritizes different comfort criteria: spaces such as urban park may need 
more assets and sunny areas, often it comes with needs to a shady area for people to 
stay longer in summer. A good example could be Bryant Park. Also, some spaces prior-
itize surface temperature more than the air temperature, such as the playground and 
picnic area. The result and experience from this research approach can be transposed 
easily, yet calls for designers’ consideration. 
4.3: Limitations
 Several limitations exist in this research. Although the microclimates and human 
thermal comfort are critical to urban living, this research focuses only on the feasibility 
of limited strategies inspired through a quantitative lens. Conventional design wisdom 
and evidence may consider more aspects such as aesthetics. Furthermore, as stated 
above, the simulation is relatively short (one hour in the winter season). The data col-
lection and validation may be expanded to a longer timeframe for more convincing and 
dynamic results, which will improve the overall simulation and validation results. Also, 
the modeling and simulation process involves a large amount of data conversion and 
parameter tuning, which may undermine the spatial complexity in the real world. Lastly, 
though the study proposes promising opportunities in scalability, the scalability of the 
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projects is twofold. On the one hand, the previous conclusion can be applied for design-
ing the interblock parks, as the methodology can be easily transposed to another spatial 
typology of a pocket park, such as the ones at street corners. On the other hand, if to 
consider scaling up the study, the spatial complexity raises challenges such as longer 
computation time and modeling accuracy.
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Conclusion
 Based on the case study of Paley Park, by simulating the microclimate conditions 
of various spatial configurations, it can be concluded that changing vegetation layout 
and pavements will affect the local thermal comfort. Yet, the effect is not significant in 
the wintertime. Meanwhile, the study proves that microclimate simulation is informa-
tive in predicting design outcomes at mesoscale, as the simulated data can be validated 
against the data obtained through the field measurement. Nonetheless, the feasibility 
and accuracy of the simulation have space for improvement. For this study, the compari-
son between iterations is based on only one changing variable, which effectively focuses 
on the change brought by the spatial configuration. 
 In addition to the quantitative analysis of microclimate at the mesoscale, for 
initiatives to build the pocket park, the study presents several feasible design strategies. 
First, regarding the pavement materials, wood is warmer during wintertime comparing 
to brick and concrete, which, in this case, can increase thes temperature by 0.03%. From 
a tactical perspective, wood plank can be quickly installed and replaced in space, pro-
viding flexibility in design options. Further, vegetation can increase the air temperature 
and leads to increasing UTCI temperature. As the study has suggested that, with the 
same total area, equally distanced grass patches have a better broader thermal effect. 
The design decision should be made according to local climate, since the cooling effect 
may not be an appealing feature in all seasons. While it should be recognized that urban 
design is a subjective, and evolutionary process, the methods of this study and the strat-
egies above will help facilitate planners, designers, and citizens to study comfort issues 





































































































Time WD Wind Speed_m/s Wind Speed_mph RH T_wct T_air RH_global T_global BarPressure_hPa Num_ppl envi_RH envi_T_air
8:00 SW 0.2 0.4474 28.8 25.1 6.9 46 8 1023 0 26.29 6.9
8:20 0 0 27.5 22.3 7.5 45 8 1023 2
8:40 0 0 27.7 23.5 7.5 45 8 1023 6
9:00 0.4 0.8948 26.7 23.4 7.5 45 8 1023 6 25.9 8.71
9:20 WSW 0 0 27.8 23.3 9.4 42 9 1023 5
9:40 0.8 1.7896 28.1 23.1 9.4 41 9 1023 7
10:00 SW 0 0 30.4 22.2 9.4 40 11 1023 2 26.84 10.52
10:20 SSW 0.1 0.2237 29 22.6 12 38 11 1023 3
10:40 0 0 30.4 22.3 12 36 12 1023 9
11:00 0 0 31.3 22.5 12 33 12 1023 5 27.79 12.34
11:20 SW 0 0 30.5 22.5 12 30 14 1023 3
11:40 SW 0.7 1.5659 28.6 23.1 14.7 29 14 1023 8
12:00 0.1 0.2237 31.5 22.8 14.7 28 15 1023 4 28.73 14.15
12:20 0.1 0.2237 29.5 23.1 14.7 25 16 1023 16
12:40 0 0 30.4 22.6 16.9 24 17 1023 18
13:00 0 0 32.2 23.1 16.9 23 17 1022 21 29.67 15.96
13:20 0.1 0.2237 31.2 24.3 16.9 21 19 1022 33
13:40 0 0 31.6 24.9 16.9 21 19 1021 27
14:00 0 0 31.8 24.6 20.3 20 20 1020 18 30.61 17.77
14:20 0 0 30.6 25.3 20.3 19 21 1020 29
14:40 0.6 1.3422 25.9 25.7 20.3 20 21 1020 24
15:00 0 0 31 25.2 20.3 19 21 1020 11 31.56 19.59
15:20 0 0 32.5 25.6 21.4 19 21 1020 19
15:40 0 0 27.6 26.2 21.4 19 21 1019 24
16:00 0.4 0.8948 29 27.3 21.4 18 22 1019 16 32.5 21.4
16:20 0 0 30.5 26.6 21.1 18 21 1019 17
16:40 0 0 32.2 25.8 21.1 19 21 1019 23
17:00 0 0 28.1 26 20.6 19 21 1018 18 32.11 20.49
Appendix A: Raw Data Collected from Field
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Time WD Wind Speed_m/s Wind Speed_mph RH T_wct T_air RH_global T_global BarPressure_hPa Num_ppl envi_RH envi_T_air
8:00 SW 0.2 0.4474 28.8 25.1 6.9 46 8 1023 0 26.29 6.9
8:20 0 0 27.5 22.3 7.5 45 8 1023 2
8:40 0 0 27.7 23.5 7.5 45 8 1023 6
9:00 0.4 0.8948 26.7 23.4 7.5 45 8 1023 6 25.9 8.71
9:20 WSW 0 0 27.8 23.3 9.4 42 9 1023 5
9:40 0.8 1.7896 28.1 23.1 9.4 41 9 1023 7
10:00 SW 0 0 30.4 22.2 9.4 40 11 1023 2 26.84 10.52
10:20 SSW 0.1 0.2237 29 22.6 12 38 11 1023 3
10:40 0 0 30.4 22.3 12 36 12 1023 9
11:00 0 0 31.3 22.5 12 33 12 1023 5 27.79 12.34
11:20 SW 0 0 30.5 22.5 12 30 14 1023 3
11:40 SW 0.7 1.5659 28.6 23.1 14.7 29 14 1023 8
12:00 0.1 0.2237 31.5 22.8 14.7 28 15 1023 4 28.73 14.15
12:20 0.1 0.2237 29.5 23.1 14.7 25 16 1023 16
12:40 0 0 30.4 22.6 16.9 24 17 1023 18
13:00 0 0 32.2 23.1 16.9 23 17 1022 21 29.67 15.96
13:20 0.1 0.2237 31.2 24.3 16.9 21 19 1022 33
13:40 0 0 31.6 24.9 16.9 21 19 1021 27
14:00 0 0 31.8 24.6 20.3 20 20 1020 18 30.61 17.77
14:20 0 0 30.6 25.3 20.3 19 21 1020 29
14:40 0.6 1.3422 25.9 25.7 20.3 20 21 1020 24
15:00 0 0 31 25.2 20.3 19 21 1020 11 31.56 19.59
15:20 0 0 32.5 25.6 21.4 19 21 1020 19
15:40 0 0 27.6 26.2 21.4 19 21 1019 24
16:00 0.4 0.8948 29 27.3 21.4 18 22 1019 16 32.5 21.4
16:20 0 0 30.5 26.6 21.1 18 21 1019 17
16:40 0 0 32.2 25.8 21.1 19 21 1019 23
17:00 0 0 28.1 26 20.6 19 21 1018 18 32.11 20.49
Time WD Wind Speed_m/s Wind Speed_mph RH T_wct T_air RH_global T_global BarPressure_hPa Num_ppl envi_RH envi_T_air
8:00 SW 0.2 0.4474 28.8 25.1 6.9 46 8 1023 0 26.29 6.9
8:20 0 0 27.5 22.3 7.5 45 8 1023 2
8:40 0 0 27.7 23.5 7.5 45 8 1023 6
9:00 0.4 0.8948 26.7 23.4 7.5 45 8 1023 6 25.9 8.71
9:20 WSW 0 0 27.8 23.3 9.4 42 9 1023 5
9:40 0.8 1.7896 28.1 23.1 9.4 41 9 1023 7
10:00 SW 0 30.4 22.2 9.4 40 11 1023 2 26.84 10.52
10:20 SSW 0.1 0.2237 29 22.6 12 38 11 1023 3
10:40 0 30.4 22.3 12 36 12 1023 9
11:00 0 0 31.3 22.5 12 33 12 1023 5 27.79 12.34
11:20 SW 0 0 30.5 22.5 12 30 14 1023 3
11:40 SW 0.7 1.5659 28.6 23.1 14.7 29 14 1023 8
12:00 0.1 0.2237 31.5 22.8 14.7 28 15 1023 4 28.73 14.15
12:20 0.1 0.2237 29.5 23.1 14.7 25 16 1023 16
12:40 0 0 30.4 22.6 16.9 24 17 1023 18
13:00 0 0 32.2 23.1 16.9 23 17 1022 21 29.67 15.96
13:20 0.1 0.2237 31.2 24.3 16.9 21 19 1022 33
13:40 0 0 31.6 24.9 16.9 21 19 1021 27
14:00 0 0 31.8 24.6 20.3 20 20 1020 18 30.61 17.77
14:20 0 0 30.6 25.3 20.3 19 21 1020 29
14:40 0.6 1.3422 25.9 25.7 20.3 20 21 1020 24
15:00 0 0 31 25.2 20.3 19 21 1020 11 31.56 19.59
15:20 0 0 32.5 25.6 21.4 19 21 1020 19
15:40 0 0 27.6 26.2 21.4 19 21 1019 24
16:00 0.4 0.8948 29 27.3 21.4 18 22 1019 16 32.5 21.4
16:20 0 0 30.5 26.6 21.1 18 21 1019 17
16:40 0 0 32.2 25.8 21.1 19 21 1019 23
17:00 0 0 28.1 26 20.6 19 21 1018 18 32.11 20.49
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Appendix B-a: Data Processing
Appendix B-b: Data Validation-Regression Result
Appendix B-c: Wind Speed Conversion
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Appendix C-a: Raw Output of Scenario 0
X (m)
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Figure 1: Sim_00 14.00.00 
09.03.2020
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 29.29 to 29.37 %
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Figure 1: Sim_00 14.00.00 
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Figure 1: Sim_00 14.00.00 
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Wind Speed 
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 1.76 to 2.20 m/s
 2.20 to 2.64 m/s
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 3.07 to 3.51 m/s
 3.51 to 3.95 m/s




Appendix C-b: Raw Output of Scenario 1
X (m)
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Figure 1: Sim_01 14.00.00 
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Appendix C-c: Raw Output of Scenario 2
X (m)
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Figure 1: Sim_02 14.00.00 
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Appendix C-d: Raw Output of Scenario 3
X (m)
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Appendix C-e: Raw Output of Scenario 4a
X (m)
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Relative Humidity 
 below 29.29 %
 29.29 to 29.37 %
 29.37 to 29.46 %
 29.46 to 29.54 %
 29.54 to 29.63 %
 29.63 to 29.71 %
 29.71 to 29.79 %
 29.79 to 29.88 %
 29.88 to 29.96 %
















 ENVI_met  <Right foot>
Figure 1: Sim_04a 14.00.00 
09.03.2020
x/y Cut at k=0 (z=0.1500 m)
Potential Air Temperature 
 below 17.96 °C
 17.96 to 18.03 °C
 18.03 to 18.11 °C
 18.11 to 18.18 °C
 18.18 to 18.26 °C
 18.26 to 18.33 °C
 18.33 to 18.41 °C
 18.41 to 18.48 °C
 18.48 to 18.56 °C
















 ENVI_met  <Right foot>
Figure 1: Sim_04a 14.00.00 
09.03.2020
x/y Cut at k=0 (z=0.1500 m)
Wind Speed 
 below 0.44 m/s
 0.44 to 0.88 m/s
 0.88 to 1.32 m/s
 1.32 to 1.76 m/s
 1.76 to 2.20 m/s
 2.20 to 2.64 m/s
 2.64 to 3.07 m/s
 3.07 to 3.51 m/s
 3.51 to 3.95 m/s




Appendix C-f: Raw Output of Scenario 4b
X (m)












 ENVI_met  <Right foot>
Figure 1: Sim_04b 14.00.00 
09.03.2020
x/y Cut at k=0 (z=0.1500 m)
Relative Humidity 
 below 29.29 %
 29.29 to 29.37 %
 29.37 to 29.46 %
 29.46 to 29.54 %
 29.54 to 29.63 %
 29.63 to 29.71 %
 29.71 to 29.79 %
 29.79 to 29.88 %
 29.88 to 29.96 %
















 ENVI_met  <Right foot>
Figure 1: Sim_04b 14.00.00 
09.03.2020
x/y Cut at k=0 (z=0.1500 m)
Potential Air Temperature 
 below 17.96 °C
 17.96 to 18.03 °C
 18.03 to 18.11 °C
 18.11 to 18.18 °C
 18.18 to 18.26 °C
 18.26 to 18.33 °C
 18.33 to 18.41 °C
 18.41 to 18.48 °C
 18.48 to 18.56 °C
















 ENVI_met  <Right foot>
Figure 1: Sim_04b 14.00.00 
09.03.2020
x/y Cut at k=0 (z=0.1500 m)
Wind Speed 
 below 0.44 m/s
 0.44 to 0.88 m/s
 0.88 to 1.32 m/s
 1.32 to 1.76 m/s
 1.76 to 2.20 m/s
 2.20 to 2.64 m/s
 2.64 to 3.07 m/s
 3.07 to 3.51 m/s
 3.51 to 3.95 m/s




Appendix C-g: Raw Output of Scenario 4c
X (m)












 ENVI_met  <Right foot>
Figure 1: Sim_04c 14.00.00 
09.03.2020
x/y Cut at k=0 (z=0.1500 m)
Relative Humidity 
 below 29.29 %
 29.29 to 29.37 %
 29.37 to 29.46 %
 29.46 to 29.54 %
 29.54 to 29.63 %
 29.63 to 29.71 %
 29.71 to 29.79 %
 29.79 to 29.88 %
 29.88 to 29.96 %
















 ENVI_met  <Right foot>
Figure 1: Sim_04c 14.00.00 
09.03.2020
x/y Cut at k=0 (z=0.1500 m)
Potential Air Temperature 
 below 17.96 °C
 17.96 to 18.03 °C
 18.03 to 18.11 °C
 18.11 to 18.18 °C
 18.18 to 18.26 °C
 18.26 to 18.33 °C
 18.33 to 18.41 °C
 18.41 to 18.48 °C
 18.48 to 18.56 °C
















 ENVI_met  <Right foot>
Figure 1: Sim_04c 14.00.00 
09.03.2020
x/y Cut at k=0 (z=0.1500 m)
Wind Speed 
 below 0.44 m/s
 0.44 to 0.88 m/s
 0.88 to 1.32 m/s
 1.32 to 1.76 m/s
 1.76 to 2.20 m/s
 2.20 to 2.64 m/s
 2.64 to 3.07 m/s
 3.07 to 3.51 m/s
 3.51 to 3.95 m/s




Appendix C-h: Raw Output of Scenario 5
X (m)












 ENVI_met  <Right foot>
Figure 1: Sim_05 14.00.00 
09.03.2020
x/y Cut at k=0 (z=0.1500 m)
Relative Humidity 
 below 29.29 %
 29.29 to 29.37 %
 29.37 to 29.46 %
 29.46 to 29.54 %
 29.54 to 29.63 %
 29.63 to 29.71 %
 29.71 to 29.79 %
 29.79 to 29.88 %
 29.88 to 29.96 %
















 ENVI_met  <Right foot>
Figure 1: Sim_05 14.00.00 
09.03.2020
x/y Cut at k=0 (z=0.1500 m)
Potential Air Temperature 
 below 17.96 °C
 17.96 to 18.03 °C
 18.03 to 18.11 °C
 18.11 to 18.18 °C
 18.18 to 18.26 °C
 18.26 to 18.33 °C
 18.33 to 18.41 °C
 18.41 to 18.48 °C
 18.48 to 18.56 °C
















 ENVI_met  <Right foot>
Figure 1: Sim_05 14.00.00 
09.03.2020
x/y Cut at k=0 (z=0.1500 m)
Wind Speed 
 below 0.44 m/s
 0.44 to 0.88 m/s
 0.88 to 1.32 m/s
 1.32 to 1.76 m/s
 1.76 to 2.20 m/s
 2.20 to 2.64 m/s
 2.64 to 3.07 m/s
 3.07 to 3.51 m/s
 3.51 to 3.95 m/s




Appendix C-i: Raw Output of Scenario 6
X (m)












 ENVI_met  <Right foot>
Figure 1: Sim_06 14.00.00 
09.03.2020
x/y Cut at k=0 (z=0.1500 m)
Potential Air Temperature 
 below 17.96 °C
 17.96 to 18.03 °C
 18.03 to 18.11 °C
 18.11 to 18.18 °C
 18.18 to 18.26 °C
 18.26 to 18.33 °C
 18.33 to 18.41 °C
 18.41 to 18.48 °C
 18.48 to 18.56 °C
















 ENVI_met  <Right foot>
Figure 1: Sim_06 14.00.00 
09.03.2020
x/y Cut at k=0 (z=0.1500 m)
Wind Speed 
 below 0.44 m/s
 0.44 to 0.88 m/s
 0.88 to 1.32 m/s
 1.32 to 1.76 m/s
 1.76 to 2.20 m/s
 2.20 to 2.64 m/s
 2.64 to 3.07 m/s
 3.07 to 3.51 m/s
 3.51 to 3.95 m/s
















 ENVI_met  <Right foot>
Figure 1: Sim_06 14.00.00 
09.03.2020
x/y Cut at k=0 (z=0.1500 m)
Relative Humidity 
 below 29.29 %
 29.29 to 29.37 %
 29.37 to 29.46 %
 29.46 to 29.54 %
 29.54 to 29.63 %
 29.63 to 29.71 %
 29.71 to 29.79 %
 29.79 to 29.88 %
 29.88 to 29.96 %
 above 29.96 %
Min: 29.21 %
Max: 30.05 %
